efficient stimulation of the human visual system are quantified and expressed in terms of the total energy for Figure 1 . Log C versus Log A for t = 1/3 second. specific detection tasks. contains the greatest concentration of cones, but no rods. The BM data set relates to this part of the human-vision '0.0 system.
C,
In an earlier paper', 2 , a hyperbolic curve fitting algorithmwas derived for the BM data set. It accurately generates the threshold contrasts (C) of the circular targets for a wide range of target areas (A) and uniform background ambient B -100 luminance (B) for a given stimulus duration time (t).
3.0
Typical displays of the BM data show plots of log C as a Log A (A in arem in )
function of log (A) or log (B) with the presentation time t held constant, as shown in Figures 1 and 2 for a Figure 2 . Log C versus Log B fort= 1/3 second. presentation time t = 1/3 second. The circular markers 20060824242 H represent points from the BM data set and the solid lines were generated from the hyperbolic curve fitting algorithm',.
Previous hyperbolic curve fitting algorithms were developed for all three 2-D projections of the BM data set _____ with constant presentation time t. Each geometric projection exhibited a number of interesting characteristic features of the human visual system. A significant accomplishment in the previous work was the recognition E that the Ricco and Blackwell laws can be combined to give 0.__ ___ what we referred to as the ABC law for foveal vision. This paradigm stated that the product of A, B and C was a constant for small target areas (A< 6 arcmin 2 ) and low ambient light levels (B < 0.1 ft-L). Figure 3 is a graph of 0.1 the ABC constant as a function of log (t). It was also shown that the largest variations in human performance, as a function ofB, occurred during the time interval before -2.0 -1.5 -1.0 -0.5 0.0 dawn and after dusk. A subsequent paper 3 extrapolated log t (t in see) these results through a redefinition of ambient luminance to real world scenarios. parameters over a wide range of conditions. It should be relevant to many applications of tactical interest and serve Figure 4 . Log t versus Log ABC for B = 10 ft-L. as a performance baseline for more advanced computational vison models. The integration of the effects of light energy over stimulus area (spatial summation) and over time (temporal summation) can also be quickly classified and quantified.
The Early Empirical Laws
relatively few in number. Blackwell published several experimental studies 4 attempted to provide the first comprehensive body of data Blackwell's law is applicable for low ambient luminance in which background luminance level, target size and levels, and it illustrates the high, relative sensitivity of the duration were all studied over wide ranges of practical foveal vision system during ambient lighting conditions, interest. The data was collected using procedures that which typically occur before dawn and after dusk. The allow the analyst to convert the threshold data to various Weber-Fechner law applies for large, highly resolved probability of detection levels. The Tiffany data consisted targets when observer thresholds are nearly constant and of three basic studies conducted over a comprehensive independent of size or range. This phenomena is indicative range of background luminance and target size. The first of noise limiting performance of the human observer and and second perception experiments were forced-choice relatively independent of the target characteristics A and C. detection tasks, which required observers to search for Bloch's law, which applies for short stimulus presentation circular targets in a uniform background over a six-second times, states that the product of intensity and time (ABCt) presentation time. The third experiment used bright targets is a constant for t less than some critical value, and it is in known positions for presentation times necessary to proportional to some photochemical effect in the human obtain maximum detection probabilities. vision system.
The basic 1958 BM data set was collected from two In each of these simple paradigms the product of two "highly motivated and experienced observers". The ) parameters is constant for some range of asymptotic original data consists of 81,000 observations in 162 conditions. Although the ABCt law provides a means to experimental sessions. Target diameters ranged from 0.802 obtain these constants, it can also provide numerical values to 51.2 minutes of arc. Background luminance values for describing the entire range of target/background varied from 0.001 to 100 ft-L which corresponds to the variability affecting human foveal vision, range of the average pupil diameter of the human eye (2.5 mm to 7.5 mim) 6 . Unlike the Tiffany data sets, presentation Units times were varied from 0.001 to 1 second and more attention was given to resolving fixation concerns. The Although target areas have been expressed in arcmin 2 , they BM targets always appeared in a known location at the can easily be converted to m 2 with the knowledge that the center of the screen where the observers initially fixated BM observers were 10.25 feet from the target. Background their foveal vision. Associated with each value of A, B and luminance levels are expressed in foot-Lamberts with 1 ft-L t was a contrast threshold value C corresponding to a = 3.426 cd/n 2 . Threshold contrast is the ratio of the detection probability of 0.5. After a smoothing process, the difference between target luminance and background smoothed threshold data consisted of 546 threshold luminance to the background luminance that elicits a contrasts corresponding to 13 target areas, 6 background response from the vision system. Therefore, the product luminance values and 7 presentation times. Since the ABC has units of light intensity. If target area is expressed product of ABC does not change for target areas less than in m 2 and luminance in cd/m 2 , the units for the product six arcmin 2 , 126 of the BM threshold contrasts are ABC are candelas (cd). For a point source, 1 cd = 1 lumen redundant. The ABCt law refers to the remaining 420 per steradian. Since the lumen is a unit of light power, the threshold contrasts. product ABCt represents the minimum energy required by the foveal vision system to detect the BM targets. The plots in Figure 4 , however, appear to be hyperbolas -3 described by Eq. (1) in a coordinate system which has been translated and rotated. This is illustrated in Figure 5 which -4
shows the 2-D, geometric transformation between the (x, y) and (x', y') coordinate systems. Equations (2) and (3) Log ABC represent a counterclockwise rotation (0) and a translation of the origin to the point (h, k) Figure 5 . Transformation of coordinates. B'= (a 2 +b2) sin 20 (7) equation that will generate the entire BM smoothed C' = b1 cos 2 0 -a 2 sin 2 0 (8) threshold data set is of the form D'= 2 b2 k sin 0 -2 a 2 h cos 0 (9) E'= 2 b 2 kcos 0+ 2a 2 
The asymptotes in the (x', y') coordinate system are where the coefficients are given by Eqs. (6) to (11) and the characterized by:
coordinates (x', y') correspond to (log ABC, log t). The restriction A > 6 arcmin 2 is founded on the fact that plots of log t versus log ABC for values below this limit are all illumination and subsequent apparent threshold contrast. The end result is that the product of contrast threshold and target area is a constant whose value is a function of Figure 7 . The background luminance family of logtversus ambient luminance and presentation time.
log ABC plots after a horizontal co-ordinate translation.
Blackwell's law is illustrated in Figure 3 where plots for B < 10. ft-L are nearly coincident and the coefficients in Eq.
Those plots with the same background luminance have been horizontally translated to a point of coincidence with the plot corresponding to A = 2825 arcmin 2 . The interest in these mergers is that it can now be seen that all plots of _.___ log t versus log ABC have an extended section that is an ".0 approximate straight-line segment with a slope of -1. For .f these regions the ABCt law simplifies to M log t -log ABC + log N
where log N is the y-intercept of the approximate straight-
__-__
line segment. Equation (23) can also be written as luminance. However, there is very little difference in the Since the line of slope -1 passes through the point (x*, -3), threshold energies atvery lowbackground luminance levels using (x', y') -(x*, -3) in Eq. (15) yields (B < 0.01 ft-L)' In the Ricco's law regime (A < 6 min), threshold energy is independent of target area; threshold A' x*' + (D' -3 A') x* + (F' -3 E') = 0 (25) energy is constant for a given background luminance. As target area increases beyond the Ricco's law regime, Solving for x* gives threshold energy is also increased. For target areas A > 100 min, plots of log N versus log A appear to be straight, parallel lines with slopes roughly equal to 0.75 (the slopes log N = 0.75 log A + log K (28) (26) where log K is the y-intercept and K is a function of
From the equation of a line with slope -1 passing through background luminance B. Equation (28) can also be the points (x*, -3) and (0, log N) written as log N = x* -3. 
Since A', D', E' and F' are all functions of target area and where A is in arcmin 2 , B in ft-L and t in seconds.
background luminance, log N is also a function of these two parameters. Figure 8 shows the relationship between In other words, for large targets, the threshold energy is threshold energy (log N), target area (log A) and proportional to A' 75 .
background sameproductABarenotthesame. As target duration increases beyond the critical duration, the slopes of the tangents to the log t versus log ABC curve Figure 9 . Plots of log ABC versus log t are not unique for approach infinity; the visual system becomes increasingly the same product AB. inefficient as noise begins to dominate the system. As the slopes approach infinity, the threshold intensity ABC approaches some minimum value related to the WeberFechner law that depends on the target area and the background luminance. After a critical duration, target -O duration no longer has any influence and brightness 2.5 discrimination is determined entirely by the incremental 2.0 luminance of the target. This minimum is easily obtained from the ABCt law by differentiating Eq. (15) with respect to x and allowing the derivative to approach infinity. This procedure yields 0.5
where A' and E' are given by Eqs. (6), (10), (16) -.-B = 10 -B-B = 100 threshold intensity also increases; more light energy is required to elicit excitation. It can also be seen from Figure  9 that for a given target area the minimum threshold Figure 10 . Minimum log ABC versus log A. intensity increases as the background luminance increases. In fact, for target areas greater than approximately 100 arcmin2, the minimum threshold intensity is directly proportional to the target area. Using the approximation [log t= log law has also been pursued that closely relates to the critical 4.
_ _D duration and the response mechanism of the human eye. It -4.0 considers the threshold presentation time t to consist of the Log ABC (A in arcm in 2 , B in ft-L) product of two functions, Q and t*, where t* represents the total integration of light energy (ABCt) over time. This is referred to as temporal summation. Total temporal Figure 11 . Two part formalism of the ABCt law. summation occurs when ABCt = constant (during the ) critical duration). The Q parameter is a measure of the amount that the vision system deviates from total temporal Figure 11 illustrates the two-part formalism of the ABCt summation of light energy.
law. Evidently, the process of detecting a BM target, using foveal vision, can be equated to a linear process associated If t Q t* then log t = log Q + log t*. Using y = log t, y, = with total temporal summation of light energy modified by log Q and y 2 = log t*, Eq. (15) becomes a quadratic multiplicative function.
A'x 2 +A'x(y , +Y)+D'x+E'(yl+y 2 )+F'=0 (32) 6. RESULTS If y 2 is the y-coordinate of a straight line through the point The validity of the ABCt law can be quickly determined by (x*, -3) with slope = -1, then comparing BM threshold contrasts with those calculated using the ABCt law. Of the 420 unique BM threshold Y2- x + x* -3 (33) contrasts, 21 threshold contrasts obtained from the ABCt law produce percent differences greater than 10 percent. and Eq. (32) can be written as These contrasts are identified in Table 1 along with the conditions which produced them. Seven of the Table 1 A' x Y-+ E'xy -(') x entries differ from the BM threshold contrasts by less than -(3 E' -E' x* -F') =(0 0.10. Also, the largest percent difference is less than 17 % (34) with the majority of the errors in the 11-13 % range. Hence, only three percent of the unique BM threshold Since closed-form equations have been derived for the ycontrasts are reproduced with any appreciable error. intercepts (Yo = log N), Eq. (34) represents a closed-form solution for the multiplicative function Q. Also, since the coefficients of second degree vanish, Eq. (34) is the equation of a hyperbola with one asymptote vertical and the other horizontal. 
